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Measurements of the ratio of the proton elastic form factors (µpGE/GM ) using Rosenbluth sepa-
ration and those using polarization-based techniques show a strong discrepancy, which increases as
a function of Q2. The contribution of hard two-photon exchange (TPE) to e−p scattering, which
is neglected in the standard treatments of elastic e−p scattering, is the most widely-accepted hy-
pothesis for the explanation of this discrepancy. While calculations of the hard TPE contribution
are highly model dependent, the effect may be quantified experimentally by precisely measuring the
ratio of the positron-proton and electron-proton elastic scattering cross sections. The OLYMPUS
experiment collected approximately 4 fb−1 of e+p and e−p scattering data at the DORIS storage
ring at DESY in 2012, with the goal of measuring the elastic σe+p/σe−p ratio over the kinematic
range (0.4 ≤  ≤ 0.9), (0.6 ≤ Q2 ≤ 2.2) GeV2/c2 at a fixed lepton beam energy of 2.01 GeV. Initial
results from OLYMPUS were presented, and subsequently results on R2γ = σe+p/σe−p from the
experiment have been publicly released and are in preparation for publication [1].
I. THE FORM FACTOR DISCREPANCY AND
TWO-PHOTON EXCHANGE
Measurements of the proton’s elastic form factors over
several decades using Rosenbluth separation [2] with in-
clusive e−p scattering experiments persistently showed
results for the ratio of the form factors (
µpGE
GM
) consis-
tent with unity up to four-momentum transfers of up
to ∼10 (GeV/c)2 [3–6]. Extracting the form factors in
this fashion, however, requires careful consideration of
radiative corrections to the measured cross section and
detailed treatment of systematic uncertainties that af-
fect extraction of the cross sections at different kinemat-
ics. The advent of polarized beams and targets in the
1990s provided a new method of measuring the ratio of
the form factors using the relative cross sections for e−p
scattering for various combinations of the incoming and
outgoing particle polarizations. For example, for longi-
tudinally polarized electrons scattered from unpolarized
protons the cross sections for the outgoing proton to have
longitudinal or transverse polarization are given by
dσ(L)
dΩ
= hσMott
E + E′
mp
√√√√ 1
1 +
4m2p
Q2
tan2
(
θ
2
)
G2M , (1)
dσ(T )
dΩ
= 2hσMott
√√√√ 1
1 +
4m2p
Q2
tan
(
θ
2
)
GEGM , (2)
respectively [7]. The ratio of the form factors is then pro-
portional to the ratio of the measured proton polariza-
tions. While polarization-based methods do not provide
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a way of measuring the form factors individually, the ex-
traction of a ratio of cross sections provides a means of
canceling various systematic uncertainties and contribu-
tions from radiative corrections.
As shown in Figure 1, extractions of
µpGE
GM
from
polarization-based experiments [8–13] showed a decreas-
ing trend with Q2 in sharp contrast to the Rosenbluth
separation results. Modern Rosenbluth separation exper-
iments using exclusive e−p event reconstruction [14, 15]
as well as reanalyses of past experiments [16, 17] con-
firmed the discrepancy. Since the form factors cannot
be calculated directly from first principles, this discrep-
ancy represents an important issue in hadronic physics
that calls into question knowledge of the proton’s most
fundamental properties.
The most widely-accepted hypothesis for the expla-
nation of the discrepancy is that contributions from
hard two-photon exchange (TPE), which are neglected
in the standard radiative corrections applied to Rosen-
bluth scattering data [19–21], could alter the results of
the Rosenbluth separation measurements to bring them
into agreement with those from polarization-based exper-
iments. Contributions from the TPE diagrams, shown in
Figure 2, to the elastic e−p cross section are difficult to
calculate due to the lack of model-independent methods
for the description of the intermediate hadronic state. A
number of theoretical and phenomenological calculations
for the TPE contribution to elastic e−p scattering and its
effect on the form factor ratio were put forward [22–30],
but the model dependence and the spread among pre-
dictions demanded an experimental determination of the
TPE contribution.
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FIG. 1. Selection of experimental results on the ratio
µpGE
GM
along with phenomenological fits to the form factor data, il-
lustrating the discrepancy between experiments using Rosen-
bluth separation and polarization-based methods. (Rosen-
bluth separation data: [3–6, 14, 15], polarization data: [8–13],
phenomenological fit: [18]).
FIG. 2. The “box” and “crossed box” two-photon exchange
diagrams that contribute to the overall amplitude for elas-
tic e−p scattering. The nature of the intermediate hadronic
state connecting the incoming and outgoing protons makes
calculations of these diagrams difficult and model-dependent.
II. EXPERIMENTAL SIGNATURE OF
TWO-PHOTON EXCHANGE
The contribution to the elastic e−p cross section from
the TPE diagrams is predicted to be an effect of at most
several percent at the accessible kinematics [18, 22, 25–
32], and thus precise experimental techniques are re-
quired to measure deviations from the standard radiative
cross section prescriptions. Such a precise measurement
may be made by taking advantage of the fact that the
leading-order contribution from TPE to the total elastic
lepton-proton scattering matrix element arises from the
interference term between the one- and two-photon ex-
change diagrams, which carries an overall factor of the
sign of the lepton charge. Thus, letting Mγ and Mγγ
represent the one- and two-photon exchange matrix el-
ement contributions respectively, a measurement of the
ratio of the e−p and e+p elastic cross sections provides
a means of directly accessing the magnitude of the Mγγ
contribution:
R2γ
(
,Q2
)
=
σe+
σe−
∼ 1 + 4αMγγMγ . (3)
Such an approach offers the advantages of canceling sys-
tematic uncertainties via measurement of a ratio of cross
sections rather than absolute cross section determination,
although careful consideration must be given to effects
such as α3 radiative corrections and detector acceptance
effects that can also induce differences between the e−p
and e+p cross sections. Additionally, precise measure-
ment of the relative integrated luminosity of e−p and e+p
data taken is critical to the determination of the value of
σe+p/σe−p .
III. THE OLYMPUS EXPERIMENT
The OLYMPUS experiment was designed to measure
σe+p/σe−p using exclusively reconstructed e
±p events
over the kinematic range (0.4 ≤  ≤ 0.9), (0.6 ≤ Q2 ≤
2.2) GeV2/c2, corresponding to a fixed lepton beam en-
ergy of 2.01 GeV, with an uncertainty of .1% over the
full range. The kinematic reaches of OLYMPUS and the
other two TPE experiments (CLAS [33, 34] and VEPP-
3 [35]) are shown in Figure 3, while Figure 4 shows
the projected uncertainties of the OLYMPUS measure-
ment of σe+p/σe−p in comparison to existing data from
the 1960s and various theoretical and phenomenological
predictions. While the form factor ratio discrepancy is
most obvious at higher values of Q2 than are accessi-
ble by the three experiments, percent-level determination
of σe+p/σe−p at these kinematics (where the measure-
ment of elastic scattering is considerably easier due to the
higher cross section for elastic events relative to inelas-
tic processes) can distinguish between various predictions
and provide valuable information regarding whether the
TPE contribution is sufficient to explain the form factor
ratio discrepancy.
A. The OLYMPUS Detector and Event
Reconstruction
The OLYMPUS experiment was conducted at the
DORIS e± storage ring at DESY, Hamburg, Germany,
with data taken over the course of two runs totaling three
months in 2012 and early 2013. The experiment collected
∼4.4 fb−1 of data, approximately equally split between
the two lepton species. Leptons of fixed energy (2.01
GeV) were incident on a hydrogen gas target internal to
the DORIS ring [42]. The lepton species was switched
daily to minimize the effects of any longterm systematic
changes in the beam or detector setup. Elastic events
were exclusively reconstructed in a large acceptance spec-
trometer, with a toroidal magnetic field providing bend-
ing of particle trajectories for momentum reconstruction.
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FIG. 3. Kinematic reaches of the three modern experiments
that have measured σe+p/σe−p : OLYMPUS [1, 36], CLAS
[33, 34], and VEPP-3 [35]. Note that OLYMPUS and VEPP-
3 operated at fixed beam energies (resulting in one-to-one
correspondence between  and Q2) while CLAS operated with
a variable energy tertiary beam requiring integration over 2D
bins in the kinematic space. (Figure reproduced from [37].)
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FIG. 4. Projected uncertainty of the OLYMPUS σe+p/σe−p
measurement in comparison with existing data from the 1960s
[38–41] and various phenomenological [18, 31, 32] and theo-
retical [22, 25–30] predictions.
The detector consisted of the drift chambers and scintil-
lator trigger panels previously used for the BLAST ex-
periment at MIT-Bates [43] for the reconstruction of e±p
events, in combination with new detectors for monitor-
ing of the luminosity. Event reconstruction in the drift
chambers was conducted using an algorithm derived from
the elastic arms algorithm [44, 45], which is described in
Reference [46]. A schematic of the detector, along with
a reconstructed elastic e−p event from the data is shown
in Figure 5.
FIG. 5. Reconstruction of an elastic e−p event from the
OLYMPUS dataset, shown in the event display created for
the experiment [47]. In the display, the toroid coils and drift
chamber frames are removed for clarity.
B. The OLYMPUS e±p Analysis
To measure the value of σe+p/σe−p to high precision,
an extremely detailed Monte Carlo simulation of the ex-
periment was constructed. This simulation accounted for
the effects of detector acceptance, beam variations, and
the magnetic field field that could lead to false asymme-
tries between e−p and e+p events if not accounted for.
To develop this simulation, the physical configuration of
the detector and the magnetic field were extensively sur-
veyed [48], and the various parameters of the experiment
were continuously monitored during data taking. This
information was used to generate a very high-statistics
simulation dataset that matched the conditions of each
experimental run. The output of the simulation was con-
volved with measured detector efficiencies, resolutions,
etc. to produce output in the same format as the exper-
imental data, allowing the reconstruction and analysis
algorithms to be applied identically to each. The value
of σe+p/σe−p was then reconstructed as
R2γ =
σe+p
(
Q2
)
σe−p (Q2)
=
Ne+,data
(
Q2
)
Ne−,data (Q2)
· Ne−,MC
(
Q2,Le−
)
Ne+,MC (Q2,Le+)
,
(4)
where Ne± are the event counts in data and simulation of
each species and the simulation results are weighted by
the measured luminosities (Le±) of the data collected for
each species. Several independent event selection anal-
yses were conducted using the reconstructed dataset to
4provide cross checks and estimates of the systematic un-
certainties due to analysis decisions for the final results
[37, 46, 47, 49, 50].
This approach additionally conferred the advantage of
allowing a simulation-based approach to radiative cor-
rections, in which the simulation events were associated
with weights computed from a number of radiative cor-
rections models. This allowed the full effect of accep-
tance constraints due to event selection to be accounted
for, preventing false asymmetries due to the differences
in the e+p and e−p radiative corrections. Details on this
method may be found in References [37] and [46] and will
be the subject of an upcoming publication.
C. Luminosity Monitoring
As previously noted, the experiment utilized several
methods of luminosity monitoring:
1. measurement of the beam current and gas flow rate
into the target, in combination with a molecular
flow simulation of the target cell geometry [47],
2. elastic e±p events at  ≈ 0.98 (θ ≈ 12◦) with the
lepton detected in dedicated 6-plane tracking tele-
scopes and the recoil proton in the upstream sec-
tions of the drift chambers [47], and
3. monitoring of Møller, Bhabha, and elastic e±p scat-
tering events in a very forward (θ ≈ 1.3◦) PbF2
symmetric calorimeter system [51].
The first method had the advantage of being com-
pletely independent of the physics of interest, but offered
only ∼2% relative, ∼5% absolute uncertainty in the lumi-
nosity measurement due to uncertainties in the temper-
atures of the target system components and the simula-
tion used to determine the effective target thickness. The
second method provided a high-statistics (∼1%/hour),
well-determined measurement of the elastic e−p and e+p
rates, but relied on the assumption that the TPE con-
tribution at the relevant kinematics is negligible. The
third method utilized multi-interaction events (MIE), in
which an elastic e±p event was detected in coincidence
with a Bhabha or Møller scattering event from the same
beam bunch crossing. Such an event resulted in the de-
position of ∼3 GeV in one side of the calorimeter from
the combination of the very forward e±p lepton and one
of the Møller/Bhabha leptons and ∼1 GeV in the other
from the remaining lepton. By measuring the rate of
such events N(1,3) to the rate of Møller/Bhabha events
for each lepton species N(1,1) (in which ∼1 GeV is de-
posited in each side of the calorimeter), the luminosity
could be extracted as:
LMIE =
N(1,3)Nb
N(1,1)σ
MC
e±p
+ Variance corrections, (5)
where σMCe±p is the cross section for elastically-scattered
leptons to reach the calorimeter as determined by sim-
ulation. For reference, the variance corrections (due to
variations in the charge-per-bunch of the beam), amount
to a ∼1% correction on the measurement. The energy de-
position histogram, showing the contributions from each
of these event types is shown in Figure 6. By measuring
a ratio in this fashion, systematic uncertainties due to
detector efficiency and other effects are reduced and the
uncertainty due to possible TPE contributions in the e±p
component of the measurement are much smaller than in
the 12◦ measurement due to the very forward placement
of the calorimeters. Complete details on this method may
be found in Reference [37] and will be the subject of an
upcoming publication.
FIG. 6. Two-dimensional histogram of the energy deposited
in each side of the forward luminosity calorimeter, showing
the contributions from the multi-interaction events (the (1,3)
peak), Møller/Bhabha scattering events (the (1,1) peak), and
events in the (2,2) peak caused by double e±p or double
Møller/Bhabha events from the same bunch. (Figure repro-
duced from [37].)
The three luminosity monitors provided very consis-
tent results, with the latter two methods each provid-
ing total statistical+systematic uncertainties of less than
0.5% each, well within the required precision for the R2γ
measurement goals of the experiment. Additionally, the
independence of the 12◦ elastic reconstruction and the
MIE luminosity measurement allowed determination of
the value of R2γ at an additional kinematic point outside
the acceptance of the main spectrometer:
R2γ
(
 = 0.98, Q2 = 0.165 GeV2
)
=
0.9975± 0.0010 (stat.)± 0.0053 (syst.). (6)
This measurement, in addition to providing a useful
cross-check on the R2γ measurement in the main spec-
trometer acceptance, provides the most precise existing
determination of σe+p/σe−p in the forward scattering re-
gion, providing discrimination between models at these
kinematics and constraining the forward elastic e±p scat-
tering luminosity normalization used for the VEPP-3
5FIG. 7. Ratio of the charge-summed (e+p+ e−p) elastic scat-
tering cross sections as determined by OLYMPUS to the pre-
diction of the simulation for several different form factor mod-
els [18, 52]. Note that this ratio is normalized to the slow
control luminosity only, and thus is subject to uncertainties
in the absolute scale of ∼5%.
TPE experiment. A future publication will detail this
analysis, also described in References [37] and [47].
IV. SUMMARY AND UPCOMING RESULTS
Since this presentation, the first results on R2γ from
the OLYMPUS experiment have been released [1], pro-
viding a high-precision determination of σe+p/σe−p up to
four-momentum transfers of Q2 ≈ 2.2 (GeV/c)2. Criti-
cally, the OLYMPUS data provide an absolute normal-
ization of the cross-section ratio using the MIE method of
luminosity determination and the tightest existing con-
straint on the value of R2γ at high- using the 12
◦ track-
ing system. The results from the OLYMPUS experi-
ment, in combination with those of the CLAS [33, 34] and
VEPP-3 [35] TPE experiments, constrain R2γ to within a
few percent of unity for Q2 . 2 (GeV/c)2. While this is a
smaller TPE contribution to e±p than predicted by some
theoretical models, a definitive determination of whether
TPE is responsible for the entirety of the form factor
ratio discrepancy at higher Q2 will likely require experi-
ments measuring σe+p/σe−p at higher energies. The ini-
tial OLYMPUS publication on the R2γ result will be fol-
lowed by several additional papers detailing the MIE lu-
minosity determination, the high- σe+p/σe−p determi-
nation, radiative corrections for the OLYMPUS experi-
ment, systematic uncertainties, and other topics. In par-
ticular, the OLYMPUS data may also provide constraints
on proton elastic form factor models, as suggested by the
discrimination power of the data between such models
shown in Figure 7.
The combination of the results from the three TPE
experiments places significant constraints on theoretical
and phenomenological descriptions of TPE. While future
measurements at higher Q2 may be useful in determining
the ultimate cause of the form factor ratio discrepancy,
significant progress has been made in exploring the prob-
lem below Q2 ≈ 2.2 (GeV/c)2 providing discrimination
power between models used to predict behavior at higher
energies.
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